INTRODUCTION
The descriptor form is a natural representation of dynamical systems, by which a larger class of systems can be analyzed than state-space form Patton, et al.(1997) . In particular, the descriptor form explicitly describes static constraints on physical variables and impulsive elements.
Most known papers on the behaviour of descriptor system depend explicitly on the assumption of regularity (Cobb, 1983; Wang, et al., 1987; Yip, et al., 1981) . Cobb(1983) showed how a feedback control can be used in some cases to eliminate impulsive modes from regular descriptor system. However, this unnecessarily strong assumption of regularity rules out the analysis of a number of practical physical systems. Against for these, Ozcaldiran et al.(1990) showed that nonregular descriptor system can be regularized by a proportional plus derivative control. And LovassNagy, et al.(1994) offered regularization by output feedback. Moreover, Lovass-Nagy, et al.(1994) discussed the relation between regularized system and reduced system.
On the other hand, two-degree-of-freedom(TDF) control problems have been the subject of much research, especially the design of linear TDF controllers contatins many works (McFarlane, et al., 1992; Limebeer, et al., 1993; Prem.,et al., 1998) . Among those, decouping approaches which separately design the feedback and the feedforward part of the controller were proposed by (Limebeer, et al., 1993; Prem.,et al., 1998) . A feature of the approach is that it enables tracking objectives to be met independently of objectives concerned with regulation. Also, Prem., et al.(2001) focused on the feedforward filter synthesis that can be performed by solving a full-information approach based on an augmentation of nominal plant. In general, the full-information approach assumes that all of states and disturbance are measurable. However, in practice measuring the disturbance is very difficult or needs much financial cost. This paper proposes a design of TDF controller for descriptor system with unmeasurable disturbance which is either nonregular or, if it is regular, it has impulsive modes through estimation of states and disturbance. Especially, this paper pays attention to the design of feedforward controller which is composed of tracking and disturbance rejection control. First, the descriptor system is transformed into state space system through an output feedback, so that the property such as impulsefree and regularity are guaranteed. Secondly, we design a feedforward controller and regulator for the regularized system. The feedforward controller is designed through the H ∞ full-information approach which needs the information of states and disturbance. Hence, the tracking problem is addressed as a model following approach. This result is extended to the rejection of disturbance. Particularly, to obtain the estimations of state and the approximation for disturbance used in full information approach, we consider the use of state observer and a sliding mode observer for fault detection and isolation(FDI) problem in regularized system. Finally, the regulator is designed from the loop-shaping approach.
PROBLEM STATEMENT
A descriptor system is described by the following state-space model
where E ∈ (n×n) is singular matrix of rank r < n.
denote descriptor variables, the input, the output and unmeasurable disturbance respcetively. We assume that the system (1) is either nonregular or if it is regular, has impulsive mode. Also, the i-th disturbance d i (t) is bounded, i.e., there exists a non-negative real numbers
In this paper, to design a feedforward controller for descriptor system (1), the system is first transformed into regular state space form, so that properties such as impulsive-free and regularity are guaranteed. Secondly, the feedforward controller, for both tracking reference model and rejecting influence of a disturbance, will be designed through full-information approach. To obtain the approximations of states and of disturbance used in full-information approach, we consider the use of sliding mode observer for FDI problem.
REGULARIZATION BY OUTPUT FEEDBACK
From the assumption that rank E = r, the system (1) can be transformed by two nonsingular matricesQ andP as
whereQ
It can be shown that the system (2) is impulsefree if and only if A 22 is nonsingular (Lovass-Nagy, et al., 1994) , and that under this condition the system is necessarily regular.
Let's consider the case that there exists no inverse matrix of A 22 . Applying the control law u(t) = F r y(t) + v(t) to the system (1), we obtain
Hence, the transformed system is impulse-free and regular iff the square blockĀ 22 = A 22 +B 2 F r C 2 is nonsingular. Therefore, if the square blockĀ 22 is nonsingular, then [A 22 , B 2 ] has full row rank and
T has full column rank. The remaining problem is to find the matrix F r which is satisfied with above conditions. To solve this problem, the following Lemma which was proposed by (V. Lovass-Nagy, et al., 1994) will be used.
Lemma 1 :
In order to guarantee that the transformed system (4) is regular and impulsefree, and to control easily the condition number of the block A 22 + B 2 F r C 2 , the matrix F r is chosen as follows
where
and the superscript + indicates the generalized inverse and M is an arbitrary nonsingular matrix. Also, ∆ is the diagonal matrix of singular value of A 22 and U and V may be orthogonal matrices. ✷ Using the matrix F r in Lemma 1, reduced system is obtained as
Hence, to design the feedforward controller for the reduced state-space system (6), the reduced system must be completely controllable and observable. And to obtain the following approximation of disturbance, we assumeD orD d are zero, if not so, KerD = KerD > d, and rankC > rankD.
DISTURBANCE RECONSTRUCTION USING SLIDING MODE OBSERVER
Consider a suitable state estimation for the reduced system (6) so that the reconstruction error dynamics is asymptotically stable. If the state error is e(t) = x 1 (t) −x 1 (t), the general form of state observer for the system (6) can be given as
Note that the matrix K which stabilizes the matrix N is state feedback gain. In (7), v(t) is an external feedforward compensation signal and λ ∈ n×p is the feedforward injection map such asCλ = 0. We assume that (N, λ) is completely controllable. A robust sliding mode observer is of the form (7) when the i-th feedforward compensation signal is a discontinuous function such as
where W i is a positive real number or matrix and e yi (t) = y i (t) −ŷ i (t) is the output error influenced by i-th disturbance d i (t) to be forced to zero in finite time.
Assuming that a sliding mode observer is designed as (7), we will determine the parameter λ and propose the sufficient conditions which guarantee the stability of the error reconstruction dynamics and the existence of sliding mode. Subtracting (7) from (6), the error dynamics and the output reconstruction error dynamics arė
e y (t) =CN e(t) +CΓd(t) −Cλv(t) (10)
The equation of the ideal sliding mode are obtained from conditions such as e y (t) = 0 anḋ e y (t) = 0. In (10), v(t) acts as an input signal. Therefore, the 'virtual' equivalent feedforward signal (Koshkouei, et al., 1998 ) is given by
Consider the discontinuous input (8) with
where w ij is the j-th diagonal element of matrix W i andC j and λ j are the j-th row ofC and the jth column of λ respectively. Let P be the u.p.d.s. solution of Lyapunov equation
where Q e is an arbitrary p.d.s. matrix. A Lyapunov function candidate for (9) is
IfCe yi = 0, theṅ
where for leading to the stability of the reconstruction error dynamics of (15) and (16), the feedforward map λ was chosen as
and considered the following holds
so that error dynamics be independent of the disturbance, where ρ i is a constant matrix. Therefore, lim t→∞ e i (t) = 0 holds.
Next, we havė
A sufficient condition for the existence of sliding mode is that the right-hand side of (19) be nonpositive. That is, from (19)
Thus, the inequalities (20) is the sufficient condition for the existence of the sliding mode to be satisfied in the neighbourhood of e yi (t) = 0. Next, under the above conditions, from (10) we havẽ
by employing an alternative approach (Edwards, et al., 2000) , the discontinuous component can be replaced by the continuous signal such as
where δ i is a small positive scalar. It can be shown that the equivalent output injection can be approximated to any degree of accuracy by (22) for a small enough choice of δ i . Since rank(CΓ) = q, it follows from (21) and (22) that
Consequently, the approxiamtion of disturbance is calculated from (23).
DESIGN OF THE FEEDFORWARD CONTROLLER
In this section, we will design a feedforward controller by using the full-information approach, where the controller contains two parts, tracking and disturbance rejecting controller.
Design of the tracking controller
A convenient way of achieving the tracking objectives is to perform an H ∞ approximation between transfer function which maps output y(t) from the reference signal r(t) and the reference model T M . For tractability in the standard framework, these double objectives can be enforced by minimizing a particular system norm of the following weighted trasfer function :
where N and M are a right fractional coprime factorization of the nominal plant G = N M −1 , Q 1 is stable Youla parameters and the matrix H is used to select the primary output variables included in the model-matching part.
In Fig.1 , let nominal plant G, reference model T M , and weighting functions W ti (i = 1, 2) have the following minimal state-space realizations :
respectively. Also, the observer is added to estimate states of nominal plant. For an augmentation of the plant composed as Fig.1 , the optimal full-information controller is obtained from the following Lemma which was proposed by Prem., et al.(2001) . , which maps the weighted outputs (z 1 , z 2 ) and (x, r t ) from the inputs (r t , u tm ). Let F topt be an optimal full-information control law such that
with
Then we have
where Q 1opt ∈ RH ∞ is an optimal tracking Youla parameter such that ||J(Q 1opt )|| is minimized. And the optimal tracking controller F topt is
where K F Itopt is optimal full-information control law obtained from an augmentation of the plant composed of stabilized system (6) by state feedback F s . ✷
Design of the disturbance feedforward part
This subsection will extend the tracking results to the rejection of an unmeasurable disturbance. If the disturbance d(t) and the reference signal r(t) have similar spectra and the same outputs are to be controlled, the same weighting function W d1 is used to enforce both tracking and disturbance rejection performance.
Sliding Mode Observer The matrices of P, used in the full-information synthesis, remain the same as Lemma, except for B p1 and D p11 which must be taken as
where to design controller and the weighting function W d1 which rejects influence of disturbance, apply the sliding mode observer in the section 4. In comparing with tracking case, the reference model T M is set to zero.
Remark :
If the disturbance d(t) and the reference signal r(t) have different spectra or different sets of outputs, to implement the feedforward controller we can merely add the output signal of the controller designed to track the reference signal r(t) with the output of the second designed to attenuate the measurable disturbance d. And, if D P11 = 0, an optimal H ∞ feedforward controller can be designed via a pure state-feedback synthesis.
SIMULATION RESULTS
Consider the descriptor system with unmeasurable disturbance described by : Based on the above matrices, the following simulation was carried out under assumption which descriptor system with 2 inputs and 2 outputs is influenced by disturbance(d(t) = 0.2sin(wt), w = 3[rad/s]).
Step 2 : From (7), the matrices N , L ,Rand V are derived as Step 4 : Design of feedforward tracking controller
The reference model T M , the weighting function W t1 and W t2 are chosen as where W d1 is designed from the approximaton of disturbance obtained as Fig.3 . The optimal disturbance rejection controller F dopt is obtained as 
CONCLUSIONS
This paper has proposed a design of feedforward controller for descriptor system with unmeasurable disturbance. First, the descriptor system was transformed into state space system through a output feedback. Secondly, we designed a feedforward controller and regulator for the regularized system, where the feedforward controller which was composed of tracking and disturbance rejecting controller was designed through the H ∞ full-information approach. In particular, for reconstructing the disturbance, the residual signal was constructed through discontinuous function in sliding mode observer.
